An enrichment medium and a new sensitive medium were developed to detect malolactic variants in different strains of lactic bacteria. Factors such as the concentration of glucose and L-malate, pH level, and the type of indicator dye used are discussed with regard to the kinetics of malic acid conversion to lactic acid. Use of these media allowed a rapid and easier screening of mutagenized streptococcal cells unable to ferment L-malate. A collection of malolactic-negative mutants of Streptococcus lactis induced by UV, nitrosoguanidine, or transposonal mutagenesis were characterized. The results showed that several mutants were apparently defective in the structural gene of malolactic enzyme, whereas others contained mutations which may either inactivate a putative permease or affect a regulatory sequence.
The malolactic (ML) fermentation in which malate is converted to lactate is a very important step in wine making. However, a number of factors appear to affect this reaction which presently cannot be controlled. This may lead to a number of processing problems and loss of time (18) (19) (20) (21) . Leiconostoc oenos is the bacterium most often used to cause the critically important fermentation, but bacteria from the genera Lactobacilluis spp. or Pediococcius spp.
isolated from wine can also produce it (20) .
Purification of the enzyme from Lactobacillhs plantariiin and Leiuconostoc mnesenteroides has been reported (4, 25) , and the corresponding genes from Lactobacillhs delbrktii (32) and Leiuconostoc oenos (22) have been cloned in Escherichia coli. Nevertheless, in both cases instability of the cloned DNA occurred, resulting in some instances in the complete loss of the gene, which probably explains difficulties experienced during further studies.
Until now no transformation system has been described for lactic bacteria isolated from wine. However, the development of highly efficient transformation systems for various lactic acid bacteria, isolated from milk (15, 16, 28) , has offered a new approach for the cloning of genes from these bacteria. Indeed, direct cloning of genes in lactic bacteria can be envisaged which bypasses the instability problems described for E. coli. Therefore, we decided to investigate the isolation of ML mutants from highly transformable milk strains.
Dairy streptococci have been reported to convert malate to lactate in vivo (4, 27) , but no further study has been done. In this study, we confirm the occurrence of an ML enzyme (MLE) in a highly transformable strain of Streptococcius lactis and report its enzymatic characteristics. The level of activity present in this strain was as high as the level reported for the best wine strains previously studied.
Media described before (7, 30) for the detection of MLE variants were shown to be ineffective with our wine and streptococcal strains. Therefore, we devised a new sensitive screening test which allowed us to isolate streptococcal ML mutants after mutagenesis. Mutants were characterized, and some of them appeared to be mutated in the MLE structural gene. These will be used in a second step as recipient strains for cloning the MLE gene by direct complementation. * Corresponding author.
MATERIALS AND METHODS
Bacterial strains and media. The bacterial strains used are listed in Table 1 . They were grown either on M17 medium (31) or modified E medium (0.5% glucose. 1% L-malate [pH 6.5]) (1) .
API 50 CH test kits (API System SA) were used to check the normal sugar assimilation patterns of mutant strains. Sensitivity of the mutants to phage was tested in liquid M17 medium supplemented with calcium chloride.
Mutagenesis. N-methyl-N'-nitro-N-nitrosoguanidine (NTG) mutagenesis was performed on a mid-log-phase culture in M17 broth as described previously (24) but with 300 to 500 p.g of NTG per ml in citrate buffer. Mutagenized cells were collected after various times of incubation at 30°C, washed, and resuspended in M17 broth. For UV mutagenesis, the cells, after being resuspended in the same volume of physiological water, were exposed to a UV lamp emitting at 257 nm. In both cases, a 2-h expression in M17 was carried out before plating. Survival after mutagenesis was estimated by plating a sample of the suspension before and after treatment.
Transposition mutants were obtained with the broad-hostrange conjugative Tn916 transposon (9-11) present in Streptococculs faecalis. The donor S. faecalis was counterselected by streptomycin, whereas recipient S. lactis (Strr), which had gained Tn9/6, should have been tetracycline resistant. Next, 8 ml of S. lactis and 2 ml of S. faecalis grown overnight in M17 broth were centrifuged together and resuspended in a drop of M17 broth to ensure close contact between donor and recipient strains. This mixture was incubated for 6 to 15 h on M17 agar before the cells were collected, diluted in M17 broth, and plated on test media supplemented with streptomycin and tetracycline (2,000 and 10 pg/ml, respectively).
Screening and selection of mutants. Balance between glucose and malate was critical for detection of MLE variants ( Table 1 ). The mutant detection methods made use of the pH indicator bromocresol purple (BP) (0.6 g/liter) or the dye 2,3,5-triphenyltetrazolium chloride (TTC) (50 ,ug/ml). In the BP test, mutant clones appeared as yellow colonies surrounded by a yellow halo on a purple background, whereas wild-type colonies remained purple. In the TTC test, mutants clones appeared as white colonies among red wild-type colonies. The putative mutants were checked for their sensitivity to specific phages and for their sugar assimilation patterns.
Wild-type strains, unlike mutants, exhibited visible CO, production (bubble and foam formation) when tubes were slightly shaken after one night of incubation in E medium. Paper chromatography (19) was also used to ascertain Lmalate disappearance.
Crude extract and measure of enzymatic activity. Cell extracts were prepared from mid-log-phase cells grown in 500 ml of E broth. Cells were washed in homogenization buffer (0.01 M sodium phosphate buffer [pH 6] containing 20% glycerol and 0.02%Y sodium azide). Homogenization buffer (2.5 ml) and glass beads (0.5 g and 0.11 mm in diameter) were added per gram of wet cells. Cells were then broken by being shaken for 150 s in a Braun cell homogenizer cooled with CO,. The supernatant was centrifuged at 30,000 g at 4°C for 45 min, and then crude extract was kept at 4°C for immediate enzyme assay or stored at -20°C. Protein concentration of the crude extract was determined by the method of Bradford (3). MLE activity was determined by measuring CO, released from malate with a CO, electrode (Radiometer, Copenhagen, Denmark) by the method of Lonvaud and Ribereau-Gayon (23) . Standard calibration was performed with 1 or 2 mM sodium bicarbonate in 0.2 M sodium phosphate buffer (pH 6) at 37°C.
Determinations of malate and lactate were performed as described previously (13, 14) . The lactic dehydrogenase (LDH) assay was performed as described elsewhere for all strains (2) and for S. lactis strains (6 Very low efficiency of UV mutagenesis may come from prophage induction by UV in this strain, as previously described (5), so that the lethality observed was not due to mutagenesis. For NTG mutagenesis, mutant frequency was 1 in 3,000 and 1 in 200 CFU after 15 min with 300 and 500 ,ug of NTG per ml, respectively.
Characterization of mutants. These improved media allowed isolation of several mutants with an ML-minus phenotype. Some of the properties of these mutants are listed in Table 2 . The growth rate in M17 broth was normal, but a significant decrease of biomass was observed in E broth, where ML mutants generally produced 30% fewer (wet weight) cells per liter than did the wild-type strain. Growth characteristics of mutant strains in E broth were actually very similar to those of the wild-type strain in the same medium when malate was omitted: pH fell from 6 to 4.2 after 4 h at 300C, with a 2% inoculum leading to a longer generation time. However, if 1% malate was added, the pH remained stable for the wild-type strain until the end of the + + +, rapid degradation; NI, not induced. exponential phase (6 to 7 h) and decreased to pH 5.2 after 10 h. No CO2 production was observed except for strains M2 and M3. Despite a clear correlation between malate degradation, CO2 production, and ML mutant phenotype on petri dishes, significant enzymatic activity could be detected in mutants UV1, NTG15, NTG91, Ml, M2, and M3. Km and Vmax were determined for these mutants, but no significant differences with respect to the parameters of the wild-type strain were found (data not shown), suggesting that these mutations did not affect the structural gene.
DISCUSSION
Occurrence of MLE has been well described for Leuconostoc mesenteroides (25) , Leuconostoc oenos (29) , and Lactobacillus plantarum (4), and the enzyme has been partially or completely purified from these organisms. S. lactis has been reported to contain MLE on the basis of CO2 emission and the absence of NADH formation from L-malate during enzymatic assay of crude extracts (27) . However, no growth was observed on media containing L-malate as the only carbon source. It should be stressed that in these reports, unequivocal distinction of (i) MLE activity and (ii) a coupled malic enzyme and NADH oxidase or LDH requires purification of the enzyme, since the balance of each of these two pathways is the same in vivo. The appearance of stoichiometric amounts of L-lactate and CO2 after enzymatic assay of crude extracts supplemented with L-malate is better evidence for the occurrence of MLE as a unique enzyme. Indeed, L-LDH of S. lactis is strongly inhibited in vitro in phosphate buffer. Moreover, in the absence of fructose 1,6-biphosphate, no significant activity could be detected at a low pyruvate concentration (6, 12) . The stoichiometry of the reaction can thus only be explained by the presence of MLE.
No consistent differences can be found in substrate affinity between MLEs isolated from S. lactis and other species it is very surprising to find a strong ML system in dairy streptococci, since milk and related environments contain no significant amounts of malate. However, the isolation of S. lactis strains or of closely related species from plants has been described (8) .
For further studies of ML fermentation and for construction of recipient strains to clone the gene, we decided to isolate mutants affected in malate utilization. A screening test was set up for this purpose. A method based on L-lactic production was described by Subden et al. (30) . This system was found to work only with bacteria producing D-lactate from glucose, such as Leuconostoc oenos. However, such a test is very expensive if used on a large scale. Another method based on pH change due to deacidification has also been previously described (7) . This system does not work with our strains isolated from wine because they grew very poorly. A critical factor affecting the response of the test seems to be the regulation of MLE activity ( 
